A major challenge in chemical biology is the competitive inhibition of protein-protein interactions (PPIs).^[@cit1],[@cit2]^ To competitively inhibit PPIs, high affinity recogntion of one of the interfaces involved is required. Successful resolution of the challenge relies on being able to construct molecules capable of high affinity protein surface recognition by making discrete non-covalent contacts over a large (\>800 Å^2^) surface with a less well-defined shape than the substrate binding cavities that have often served as targets for intervention.^[@cit3]^ Over the past decade a number of groups have used various scaffolds to project functionality capable of making multivalent hydrophobic,^[@cit4]^ ion-pairing^[@cit5]--[@cit17]^ and metal--ligand interactions^[@cit18],[@cit19]^ over a protein surface to achieve high affinity binding. In certain cases inhibition of PPIs^[@cit4],[@cit20]--[@cit24]^ and selective recognition have been observed^[@cit6],[@cit8],[@cit12],[@cit25],[@cit26]^ although the latter property has ordinarily derived from complementary matching of electrostatic interactions between protein and ligand. Thus far, these fundamental studies have focused on varying the dimensions and functional composition of molecules designed to recognise protein surfaces. In contrast, variation in the 3D projection of functional groups has not been exploited to modify binding properties. In the current manuscript we illustrate that the geometric arrangement of functional groups around a ruthenium([ii]{.smallcaps}) core such as compound **1** leads to differences in protein-binding affinity towards cytochrome *c*.

Hamachi and co-workers introduced ruthenium([ii]{.smallcaps}) trisbipyridine complexes as receptors for proteins in 1999.^[@cit27]^ More recently Okhanda\'s group,^[@cit28]^ followed by our own,^[@cit26]^ illustrated such compounds act as fluorescent receptors for proteins. Compared with wholly organic receptors, these complexes are uniquely modular, allowing combinations of recognition elements to be assembled on a single rigid, three-dimensional scaffold with built-in sensing capability. Trischelate complexes of bipyridine ligands result in two optical isomers, Δ or Λ; and in the case of unsymmetrical bidentate ligands of *Cs* symmetry, geometrical facial (*fac*) and meridional (*mer*) isomers. This offers the opportunity to explore if different projections of binding functionality result in preferential binding of target proteins. Indeed, the binding properties of Δ or Λ optical isomers have been exploited for peptide assembly,^[@cit29]^ lectin recognition^[@cit30]^ and direct intercalation between the metal--ligand core and DNA.^[@cit31]^ The isolation of geometrical isomers is less well established and so binding properties for these compounds have not been explored although simple anion recognition has been studied.^[@cit32]^
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Receptor **1** functionalized at the 5 position of bipyridine with an optically pure recognition motif incorporating two [l]{.smallcaps}-aspartyl groups was synthesized with *tert*-butyl ester protecting groups as described in the ESI.[‡](#fn2){ref-type="fn"} We separated the *tert*-butyl protected *fac*/*mer* and Δ/Λ isomers using chromatography prior to deprotection. Our ability to achieve this difficult separation stems from the presence of optically pure [l]{.smallcaps}-aspartyl side chains in the ligand. Indeed, the diastereoisomeric nature of the Δ/Λ isomers is reflected in subtly different ^1^H NMR spectra for both *fac* and *mer* isomers. Shown in [Fig. 2a](#fig2){ref-type="fig"} are the ^1^H NMR spectra of all four fully protected isomers (noting the ^1^H NMR of the deprotected complexes exhibit broad poorly resolved resonances---see ESI[‡](#fn2){ref-type="fn"}). In addition to the subtle differences between Δ/Λ isomers, the lack of symmetry distinguishes the *fac* from *mer* isomers: the *fac* isomer is of *C* ~3~ symmetry, whereas the *mer* isomer has a *C* ~1~ symmetry, with all the ligands being inequivalent.^[@cit33],[@cit34]^ The Δ/Λ isomers were assigned on the basis of circular dichroism spectra.^[@cit35]^ Shown in [Fig. 2b](#fig2){ref-type="fig"} are the CD spectra of the fully deprotected complexes. We estimate on the basis of the CD spectra that the d.e. is ∼30% for Δ *mer*, 60% for Λ *fac*, \>90% for both Λ *mer* and Δ *fac* however this property appears to have little effect on the binding affinity towards proteins (see below). The spectra of the fully protected complexes are similar (see ESI[‡](#fn2){ref-type="fn"}) indicating no loss in optical purity.
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Following synthesis of **1** we tested protein-surface recognition towards cytochrome *c* (cyt *c*), an ideal model protein with essential roles in electron-transfer and apoptosis pathways. Cyt *c* is positively charged at physiological pH (pI ∼ 10) and engages in PPIs with partners *via* a hydrophobic patch surrounded by lysine moieties ([Fig. 1a](#fig1){ref-type="fig"}).^[@cit36]^ The ruthenium complexes **1** are fluorescent at 650 nm when excited at 467 nm.^[@cit37]^ Titration of cyt *c* into a solution of receptors (5 mM phosphate buffer, pH 7.4) resulted in efficient fluorescence quenching due to complex formation with the heme edge region of the protein ([Fig. 3](#fig3){ref-type="fig"}). The data were fit to a 1 : 1 binding isotherm using non-linear regression to obtain dissociation constants, which for the highest affinity compound is in the low nM regime ([Table 1](#tab1){ref-type="table"}). One-order of magnitude difference in the *K* ~d~ between *fac* and the *mer* isomers upon binding to cyt *c* is observed (equivalent to 4 kJ mol^--1^ in free energy). The data, however, showed little discrimination between the Δ and Λ isomers for the pair of geometrical isomers. It is noteworthy that saturation is reached with only a 50% reduction in signal for *mer* **1** and 25% for *fac* **1**---perhaps a manifestation of the different geometrical relationship that will exist between fluorophore and quencher as a consequence of geometrical selectivity. Ruthenium complex **2**, which is functionalized on the isophthalamide motifs with hexylamino groups (see ESI[‡](#fn2){ref-type="fn"}), was synthesized as a negative control and as expected did not show any binding to cyt *c.* In addition, none of the compounds exhibited any quenching upon titration with 60% acetylated cyt *c*. Acetylation of surface exposed lysine residues prevents key electrostatic interactions involving these residues from taking place. The majority of solvent exposed lysine residues on cyt *c* surround the haem exposed edge so the result indicates that (a) the nature of recognition between cyt *c* and the isomers of **1** is electrostatic in nature (b) molecular recognition occurs at the haem exposed edge and (c) it is the geometrical placement of carboxylates that is the source of differential binding.
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###### Dissociation constant for the binding of receptors **1** to cyt *c* as determined by fluorescence titration[^*a*^](#tab1fna){ref-type="fn"}

  Compound       *K*~d~/nM
  -------------- -----------
  Δ-*mer***1**   25 ± 0.8
  Λ-*mer***1**   29 ± 0.8
  Δ-*fac***1**   172 ± 0.2
  Λ-*fac***1**   130 ± 0.3

^*a*^1 μM **1**, 5 mM sodium phosphate buffer, pH 7.4, ex 467 nm.

To provide further evidence that recognition occurs at the protein surface, all isomers of **1** were tested in a functional ascorbate reduction assay (see ESI[‡](#fn2){ref-type="fn"}).^[@cit38]^ In the presence of the receptor **1**, the reduction of cyt *c* by ascorbate occurs at a much slower rate, indicating binding of the receptors to the heme region. The degree of inhibition is dose dependent and although minor differences between *fac* and *mer* isomers are observed the experiment must be performed at concentrations well above *K* ~d~ so a comparison with *K* ~d~ determined by fluorescence is not possible.

To establish if the difference in binding between different isomers is protein-specific or an intrinsic difference between geometrical isomers, we performed titrations with α-chymotrypsin, which has been shown to be a good target for related ruthenium complexes by Okhanda.^[@cit28]^ In our experiments, increases in fluorescence were observed for each isomer of **1**, however these occurred over a concentration range much greater than the concentration of the ruthenium complex and did not reach saturation, which suggests ill defined binding (see ESI[‡](#fn2){ref-type="fn"}). Further studies with an expanded selection of funcitonalised ruthenium complexes will therefore be needed to probe this aspect.

In conclusion, we have illustrated that affinity of functionalized Ru([ii]{.smallcaps}) tris(bipyridine) complexes towards cyt *c* is dependent on their geometrical configuration. The complexes bind to cyt *c* in a specific and selective manner with differences in binding affinity attributable to the different geometrical placement of carboxylate groups that make contacts with surface exposed lysine residues on cyt *c*. Our future studies are directed towards a structural rationalisation of this result and testing the biological utility of these metal complexes.
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